Abstract -Intrinsic and extrinsic defects play a major role in determining solar cell efficiencies of lead halide hybrid perovskite absorbers. Here, we present the results of first-principles computations performed on MAPbBr3 (MA = methylammonium) to study the energetics and defect levels of intrinsic point defects, namely vacancy, self-interstitial and anti-site, and extrinsic Pbsubstitution defects. While vacancies are the lowest formation energy intrinsic defects and create shallow transition levels, a number of extrinsic defects can have comparable formation energies under desirable chemical potential conditions. Therefore, carrier concentrations may be tunable with these substituents. Further, some extrinsic defects create deeper transition levels which can potentially be exploited to enhance solar cell efficiencies via sub-gap absorption.
I. INTRODUCTION Lead-based
organic-inorganic hybrid perovskite semiconductors have risen in prominence as attractive absorbers for photovoltaic (PV) applications. These compounds have the general formula (A)PbX3, where A is the organic cation (e.g., methylammonium (MA) or formamidinium (FA)) or Cs in a +1 oxidation state, Pb is in a +2 oxidation state, and X is a halogen atom. The iodide (MAPbI3) and bromide (MAPbBr3) are the most commonly-used hybrid perovskites in photovoltaics, with the former having achieved reported power conversion efficiencies of over 22% [1] , comparable to polycrystalline Si or CdTe. While exhibiting lower efficiencies than the iodide counterpart, MAPbBr3 has been the focus of some recent studies owing to its potentially better stability compared to the MAPbI3 [2] . Further, MAPbBr3 has shown a tendency to change its electronic and optical properties favorably by composition engineering, i.e., partial substitution or doping at Pb, MA or X sites [3, 4] . Recently, we investigated Cobalt doped MAPbBr3 for intermediate-band solar cell applications and demonstrated sub-gap absorption features [4] .
Defects are critical in controlling PV properties. Native point defects, dislocation cores, grain boundaries and external impurities are likely to exist in hybrid perovskites and affect their solar cell efficiencies. It is fundamentally important to study these defects as they could explain unintentional conductivity in the material, compensate for the presence of impurities, assist or hinder the diffusion of impurities, and introduce energy levels in the band gap or near band edges. Experimental detection of defects and trap states, e.g. via cathodoluminescence (CL) and deep-level transient spectroscopy (DLTS), is difficult and identification of the origin of defect states is usually impossible [5, 6] . Firstprinciples density functional theory (DFT) calculations provide a convenient way of probing defect energies and transition levels and have been widely applied for such studies on semiconductors with relative success [7, 8, 9] .
In this work, we employ state-of-the-art density functional theory computations using the supercell approach to study intrinsic point defects and several transition elements as extrinsic substitution defects (involving partial substitution of Pb) in MAPbBr3. 12 different intrinsic defects were studied, divided into vacancy, self-interstitial and anti-site substitution types. Vacancies were seen to show the lowest formation energies and thus form the dominant intrinsic donor and acceptor type defects, whereas anti-site defects showed higher formation energies and formed defect (or charge transition) levels deep in the band gap. Further, a handful of the external substituents for Pb showed low formation energies and compensated for the dominant donor-type intrinsic defects, thus moving the equilibrium Fermi level closer to the conduction band and making the conductivity of the perovskite more ntype. This study paves the path for the selection of optimal Pbsubstituents in MAPbBr3 that dominate the intrinsic point defects and tune the perovskite's electronic and optical properties under desirable equilibrium growth conditions.
II. METHODOLOGY
In order to simulate point defects in MAPbBr3, 2x2x2 supercells were generated (containing 96 atoms or 8 MAPbBr3 formula units), and defects were created by removing, adding or replacing a single Pb, Br, MA or external substituent atom/unit. For every intrinsic and extrinsic defect, the supercell was optimized by density functional theory (DFT) calculations in different charged states (q = +2, +1, 0, -1, etc.). All calculations were performed using the Vienna ab-initio Simulation Package (VASP) [10] employing the PerdewBurke-Ernzerhof (PBE) exchange-correlation functional [11] and projector-augmented wave (PAW) pseudopotentials [12] . An energy cut-off of 500 eV was applied and all atoms were relaxed until forces on each were less than 0.05 eV/Å. A 3x3x3 Monkhorst-Pack meshes were used for Brillouin zone integration. Further, in all substitution calculations involving transition metals, the Hubbard-U correction with a U value of 3 eV was used on the transition metal to take into account the effects of on-site Coulomb interaction.
The defect formation energy (E f ) and charge transition level (e) were calculated using the following equations- In equation (1), D q refers to the defect D in charge state q, EDFT is the total DFT energy of the defect containing or bulk MAPbBr3, ni and µi are the change in number and chemical potential of any atom i that is added or removed to create the defect, EF is the Fermi level of the material referenced to the valence band maximum of bulk MAPbBr3, and Ecorr is the correction energy term calculated using Freysoldt's correction scheme [7] to account for periodic interaction between the charge and its image. Equation (2) 
III. RESULTS AND DISCUSSION

A. Energetics and Transition Levels of Intrinsic Defects
Fig 1(b) shows the calculated charge transition levels of the 12 intrinsic point defects in MAPbBr3. Defects such as lead vacancy (VPb) and interstitial bromine (Bri) are acceptor type, with transition levels of 0/-1 and -1/-2 within the gap, whereas bromine vacancy (VBr) and interstitial methylammonium (MAi), for example, are donor type, with +1/0 and +2/+1 transitions within the gap. It can be seen that while most of the defects create shallow levels, i.e. close to the VB or CB, cation/anion anti-site defect PbBr and interstitial defect Pbi show deeper levels. The latter can be harmful to the perovskite by becoming centers of non-radiative recombination and adversely affecting the open circuit voltage and solar cell efficiencies [8] . However, the intrinsic defects that create deep levels in MAPbBr3 show high formation energies and the low formation energy defects only create shallow levels; MAPbBr3 can thus be expected to have intrinsically low non-radiative recombination.
We calculated formation energies for the 12 intrinsic defects as a function of the Fermi level for Br-rich, moderate and Pbrich chemical potential conditions. Br-rich conditions appear to be unstable because formation energies of vacancies VPb and VMA are negative throughout the band gap, implying that these defects would form spontaneously. The formation energies of all defects increase with increasingly Pb-rich conditions. The lowest formation energy donor and acceptor defects are VBr and VMA respectively, with VPb showing lower energies than VMA closer to the CB. The equilibrium Fermi level, determined by the point where concentrations of positively and negatively charged carriers are equal, is pinned by VBr and VMA under all conditions; it goes from inside the VB (strongly p-type conductivity) to 0.5 eV above the VB (moderately p-type) to the middle of the band gap (intrinsic conductivity) from Br-rich to Pb-rich conditions. Fig. 2 shows the formation energies of the dominant intrinsic donor and acceptor defects, E f (VBr), E f (VMA) and E f (VPb), as a function of EF for Br-rich, moderate and Pb-rich chemical potential conditions, along with the formation energies of a few selected extrinsic substitution defects that are discussed in the next sub-section.
B. Energetics and Transition Levels of Extrinsic Defects
There are previous reports on partial substitution of Pb to tune the properties of MAPbBr3 [3, 4] . In ref. [4] , partial substitution of Pb by transition metal Co was carried out and the DFT computed density of states revealed mid-gap energy states (owing to Co d and Br p orbitals) that were credited with changing the absorption spectra. Sub-gap absorption peaks were observed experimentally for various concentrations of added Co and it was concluded that not only was Co being incorporated into the MAPbBr3 lattice, but such substitution may potentially realize "intermediate band photovoltaics" [10] , where extrinsic substitution defects help introduce energy levels in the band gap and cause improved efficiency via absorption of multiple sub-gap photons.
Motivated by the above work, we conducted a computational study of a few substituents for Pb selected from the series of 3d, 4d and 5d transition elements. Any such element was incorporated in the 2x2x2 MAPbBr3 supercell, replacing one of the 8 Pb atoms. The energy of formation and changes in the crystal structure and electronic structure were studied using DFT. The formation energies of each of these extrinsic substitution defects were studied in various relevant charged states, and a comparison was made with the calculated energies for dominant intrinsic defects under different chemical potential conditions. In Fig 2, we show the formation energies of three selected low energy extrinsic defects (ScPb, ZrPb and HfPb) along with the formation energies of VPb, VBr and VMA for Br-rich, moderate and Pb-rich conditions. It can be seen that Sc, Zr and Hf all create donor-like defects for the majority of the band gap, assuming a positive stable charged state and showing +2/+1 or +1/0 transitions in the band gap. These substitution defects show lower formation energies than E f (VBr), especially under Br-rich and moderate conditions, thus counteracting the influence of the dominant intrinsic donor defect and shifting the equilibrium Fermi level in the direction of the CB to make the material conductivity more n-type.
Given the instability of Br-rich conditions, due to the aforementioned spontaneous formation of intrinsic vacancy defects, we focus more on the moderate and Pb-rich condition results. In moderate conditions, ScPb, HfPb and ZrPb all pin the Fermi level along with VMA slightly more n-type than VBr, with ZrPb making the conductivity intrinsic by pinning the Fermi level at the middle of the band gap. On the other hand, under Pb-rich conditions, ScPb and HfPb both have higher formation energies than VBr whereas ZrPb is more stable and moves the Fermi level to a slightly n-type position, ~ 0.5 eV below the CB. Interestingly, ZrPb also shows a +2/+1 charge transition close to the location of the equilibrium Fermi level, which is promising in terms of half-filled mid-gap energy states [4] that would both receive electrons from the VB and release them to the CB, potentially working as an intermediate band solar cell.
IV. CONCLUSIONS
In summary, we studied transition levels and formation energies of intrinsic point defects in MAPbBr3. The three vacancy defects were seen to be the lowest formation energy, dominant donor and acceptor like defects under all chemical potential conditions. A number of transition metals were studied as extrinsic substitution defects, and a handful of them created donor like defects with low formation energies that counteracted the effect of VBr and made the equilibrium Fermi level more n-type. Zr especially was determined to be a very promising substituent in terms of energetics and sub-gap optical absorption. Currently, we are further studying the electronic structure and properties of various extrinsic defects and exploring the possibility of creating intermediate band photovoltaic absorbers to improve absorption efficiencies.
